A key component of the oxidative biogeochemical sulphur cycle involves the utilization by bacteria of reduced inorganic sulphur compounds as electron donors to photosynthetic or respiratory electron transport chains. T h e SoxAX protein of the photosynthetic bacterium Rhodovulum suljidophilum is a heterodimeric c-type cytochrome that is involved in the oxidation of thiosulphate and sulphide. T h e recently solved crystal structure of the SoxAX complex represents the first structurally characterized example of a productive electron transfer complex between haemoproteins where both partners adopt the c-type cytochrome fold. T h e packing of c-type cytochrome domains both within SoxA and at the interface between the subunits of the complex has been compared with other examples and found to be unique.
Introduction
Reduced inorganic sulphur species are converted into sulphate in the oxidative half of the sulphur cycle, primarily by bacterial action. Photosynthetic sulphur bacteria use sulphur compounds as a source of electrons for reductive carbon dioxide fixation during anoxic autotrophic growth Key words: cytochrome c, electron transfer, SoxAX complex. 'Present address: Department of Biochemistry, University of Oxford, Oxford OX I 3QU, U.K. 2To whom correspondence should be addressed (e-mail a.hemmings(duea.ac.uk).
[l], while chemotrophic sulphur bacteria use inorganic sulphur species both for carbon dioxide fixation and as respiratory electron donors. T h e thiosulphate oxidizing multienzyme system (TOMES) mechanism is the best-studied and most widely distributed thiosulphate oxidation pathway [2, 3] . T h e pathway is also employed by some organisms for the oxidative metabolism of sulphide, sulphur, sulphite and tetrathionate [4-61. T h e enzymes of the Sox pathway are located in the bacterial periplasm, with the direct electron acceptor from the enzymes being cytochrome c2, a small, mono-haem, c-type cytochrome.
T h e SoxAX complex isolated from the photosynthetic marine bacterium Rhodovulum sulfidophilum is an a& heterodimeric c-type cytochrome in which the SoxA subunit contains two, and the SoxX subunit one, covalently bound haem molecules [4] . Here we report an analysis of c-type cytochrome domain packing in the crystal structure of the R. sulfidophilum SoxAX complex refined at 1.75 A resolution. T h e structure reveals novel packings of cytochrome c domains and provides insights into the structural constraints on electron transfer between cytochrome c proteins.
Experimental
Analysis of the interface of the crystal structure of the SoxAX complex refined at 1.75 A resolution was carried out using programs from the CCP4 program suite [7] and Sc [8]. T h e PQS server [9] was used to predict stable homodimeric packings of cytochrome c proteins from structures available in the Protein DataBank [lo] .
Results and discussion
Architecture of the SoxAX complex T h e crystal structure of the oxidized SoxAX heterodimer was solved by iron multiple wavelength anomalous dispersion (' M A D ') and refined at 1.75 A resolution. A full description of the structure will be published elsewhere In brief, the SoxAX complex has an elongated shape, determined by the packing of discrete c-type cytochrome domains each enclosing a haem group (Figure 1, left panel) . T h e axial co-ordination observed for the three haems is unusual. T h e two haems of the SoxA subunit (labelled haems 1 and 2 ; Figure 1 ) display His-Cys co-ordination, although the cysteine ligand to haem 2 has been posttranslationally modified to a cysteine persulphide.
T h e SoxX subunit haem (haem 3) has His-Met co-ordination. These haem ligands are in agreement with those inferred from spectroscopic characterization of oxidized protein solutions [ 1 13. SoxA is the first c-type cytochrome with Cys haem iron co-ordination, and only the second structurally characterized haemoprotein containing a haem with a Cys-His ligand set, cystathionine P-synthase being the other [12] .
An extended groove runs across the molecule at the subunit interface, and a solvent-filled channel lined with basic residues is apparent, at the bottom of which lie solvent-exposed edges of haems 2 and 3. These observations, together with the observed persulphide post-translational modification to the cysteine ligand to haem 2, suggest this to be the catalytic active site. Persulphide groups are generated in the catalytic cycles of various enzymes, e.g. rhodanese (thiosulphate sulphurtransferase) [ 13,141 and the biosynthetic enzyme T h i I [15] .
Fold of the SoxA and SoxX subunits
T h e mono-haem SoxX subunit has a classical ctype cytochrome fold that is structurally similar to that of yeast mitochondrial cytochrome c [16] . T h e SoxX subunit is therefore clearly a member of the mono-domain cytochrome c family [ 171. Inspection of the fold of the di-haem SoxA subunit, on the other hand, revealed two tandemly arranged mitochondrial cytochrome c motifs related by a pseudo-twofold symmetry axis. T h e structure, in conjunction with sequence alignment, suggests that SoxA, apart from the N-terminal 50 amino Table I ) is presented in the nght panel The view is centred on haem 2 of the So& complex, and the three haems of the heterodtmer are labelled Three groups of haems are identified in which the haem pain lie at a minimum edge-to-edge distance of I 4 A or less (the maximum distance for rapid haem-haem electron transfer in the absence of cofactors), and these are labelled A, B and C (note that group C consists of only the di-haem cytochrome c peroxidase haem painng) lain t
Haem geometric parameters
Cytochrome c homodimen predicted by PQS are indicated by the relevant Protein DataBank code followed by chain identifiers. The Nand C-terminal cytochrome c domains of SoxA are labelled AN and AC respectively. The edgeeedge distance is the distance of closest approach between haems measured using porphyrin ring atoms only. The atoms used in the measurement are indicated. [19] . A structurally distinct superfamily member, the di-haem cytochrome c peroxidase (ccp) from Pseudomonas aeruginosa [20] , also displays such a motif repeat. However, fold homology searches [21] failed to align the SoxA subunit with the structures of any of these di-haem proteins. T h e structure of SoxA therefore represents the first of a new family of two-domain cytochrome c proteins that is characterized by a novel packing of cytochrome c motifs. One of the characteristic effects of this packing is to give a minimum edgeto-edge distance of the haems in SoxA that is greater than that seen in the other superfamily members. Haems separated by distances of this magnitude are effectively isolated, as inter-haem electron transfer at these separations is improbable in the absence of facilitating cofactors.
Cytochrome c domain packing
Encounter complexes formed between electron transfer proteins are usually only transiently stable, and thus generally are not amenable to crystallographic study. T h e crystal structure of the complex between the electron transfer partners cytochrome c peroxidase and cytochrome c is a good example of a case where structural determination has been possible [ 2 2 ] . However, no crystal structures are currently available for productive electron transfer complexes involving two proteins with the cytochrome c fold. In addition, there are only limited examples of stable, structurally characterized homo-oligomers of mono-domain cytochrome c proteins. Under these circumstances, the nature of the interface in the SoxAX complex is of some interest.
In order to address the question of whether the packing of cytochrome c domains in the SoxAX complex is structurally unique, the PQS server [9] was used to generate an independent set of stable cytochrome c homodimer complexes from X-ray crystal structures available in the Protein DataBank. The PQS server analyses intermolecular crystal contacts in order to predict relevant protein quaternary structure. For the mono-domain cytochromes c, a total of seven homodimer packings were found that are predicted to be stable on the basis of a variety of indicators, such as the total buried solvent-accessible surface and the number of salt bridge interactions formed on complex formation (see Tables 1 and 2 ). Of those selected by PQS, the cytochrome c552 from Pseudomonas nautica (1 cno) is known to be dimeric, and the structure resembles that of the two-domain cytochromes c such as cq and fcd. Homooligomerization of cytochrome c6 from Scenedesmus obliquus ( 1~6 0 ) is also thought to have functional significance. Dimerization of neither (letp), fcd (lfcd) and ccp (leb7) proteins. A superposition of the haems in this database of structures using haem 2 of SoxAX as a reference is presented as Figure 1 (right panel) . This analysis reveals that a variety of discrete haem-to-haem packings are adopted. T h e packing of SoxX with the C-terminal cytochrome domain of SoxA has passing similarity to that predicted by PQS for the S. obliquus cytochrome c6 homodimer, although the relative orientation of the haems is significantly different (Figure 1, right panel, group A) . Also, as previously reported, the P . nautica c552 dimer has a haem-haem disposition that is very similar to that observed for the two-domain cytochromes c (group B), and distinct from that observed in the di-haem cytochrome c peroxidase (group C). Notably, this is quite distinct from the disposition of haems 1 and 2 in SoxA.
Cytochrome c haem-to-haem distances
T h e geometrical arrangement of the haem groups in SoxAX and in the di-haem and mono-haem cytochrome c homodimers is presented in Table 1 .
The haem 2-haem 3 interplanar angle and distance of closest approach in SoxAX suggest haem 3 as the likely route for electron transfer from the complex. T h e minimum edge-to-edge separation of haems 1 and 2. in contrast with that of haems 2 and 3, is sufficiently long to preclude efficient electron transfer in the absence of a chain of cofactors [23] . Electron transfer should be rapid and essentially independent of the environment between haems at a separation of 14 A or less. T h e packing of SoxA and SoxX at the subunit interface provides a minimum haem 2-haem 3 distance of 10.7 A via the C-pyrrole rings. This distance is slightly shorter than that seen in, for example, the di-haem cytochrome c peroxidase (14.5 A) and the cytochrome c4 protein (11.3 A), and involves traversing a region of the interface predicted to be solvent accessible. Of the 12 distinct domain packings considered in this analysis, only five have haem-to-haem distances of 14 A or less. Clearly, cytochrome c domains are limited in their packing arrangements if the haem groups are to fall within suitable minimum edge-to-edge distances for electron transfer without the requirement for other cofactors.
Interfacial surface complementarity
All of the domain packings, both experimental and those predicted to be stable by the PQS server, have subunit interfaces that are well packed, as evidenced by their calculated shape complementarity statistics [8] ( Table 2 ). The shape complementarity for the SoxAX interface has a value of 0.74. This is consistent with values compiled from analysis of other permanent heterodimeric complexes [24] . Complementarity values for the domain interfaces in the structures of the di-haem cytochromes c range from 0.60 for flavocytochrome c sulphide dehydrogenase to 0.77 for cytochrome c4. Thus the packing of cytochrome c domains at the intersubunit interface in the SoxAX complex is as complementary as that observed in the single-chain di-haem cytochromes c. T h e homodimer predicted by PQS for the S. obliquus cytochrome c6 also has a high surface complementarity, although only two hydrogen bonds stabilize the dimer interface. The P. nautica c552 dimer interface is also highly complementary, having a number of stabilizing hydrogen bonds and a salt bridge, consistent with its dimerization during crystallization.
Stable electron transfer complexes are predominantly hydrophobic in nature [25] . Approx. 3000 A' of the solvent-accessible molecular surface is buried on complex formation, of which apolar and aromatic residues contribute 42 96.
This buried area is consistent with that observed in other heterodimeric complexes [24] . A similar solvent-accessible surface area is buried at the interface between the two cytochrome c domains that make up the SoxA subunit. Interestingly, significantly smaller amounts (approx. 1800 A' ) of surface are buried in the structures of the twodomain cytochromes c.
Summary
The high-resolution crystal structure of the SoxAX complex has revealed a new di-haem cytochrome c fold for the SoxA subunit. T h e SoxA fold thus represents a new fold family in the Structural Classification of Proteins (' SCOP') cytochrome c superfamily [17] . The packing of SoxX with the C-terminal cytochrome c domain of SoxA is also unique. T h e closest resemblance is to that observed between monomers of cytochrome c6 from the green alga Chlamydomonas reinhardtii. Interestingly, there is some evidence that the dimerization of the latter has functional significance [26] .
